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Two members of the transpeptidase family of enzymes, 
transglutaminase and gamma glutamyl transpeptidase, 
were assayed histochemically and biochemically in de-
veloping rat epidermis from day 15 of gestation through 
postnatal day 5. Electron microscopic examination of 
serial skin biopsies enabled precise dating of fetal epi-
dermis and periderm and correlation of ultrastructural 
details of the cells with marker enzyme activitie . 
Transglutaminase activity appeared histoche~ically 
in surface epidermis and in hair follicle inner root sheath 
on day 18 and day 21 of gestation, respectively, concom-
itant with the onset of terminal keratinization in these 
tissues. Enzyme activity was biochemically detectable 2 
days before the histochemical stain became positive. 
Transpeptidase was active in fetal epidermis prior to 
keratinization but was only detectable in basal cells 
thereafter. Subsequent to birth, enzyme activity rose 
geometrically in hair follicles undergoing initial differ-
entiation, and was thereafter found in all anagen hairs. 
Transglutaminase is active only in cells approaching 
terminal keratinization, while transpeptidase is associ-
ated with early phases of epidermal proliferation and 
differentiation. 
Transglut<llI1inases are soluble crosslinking enzymes which 
recently have been identified as markers for mature, nonproli-
ferative differentiation in several cell types [1-4]. In epidermis 
and hair fo llicles, transglutaminase is found in keratinizing cells, 
where it can be detected both histochemically and biochemi-
cally by its ability to crosslink the fluorescent lysine analog 
dansyl cadaverine to glutaminyl residues of a high molecular 
weight protein. Enzyme activity is present at extremely low 
concentrations in normal isolated epidermal basal cells (Bux-
man M and Hennings H: unpublished data) and is completely 
absent from basal epithelioma cells [2]. The current postulated 
function for transglutaminase is the stabilization of a highly 
insoluble protein which is formed in the epidermal cell as it is 
transformed into a fully keratinized state [5-7]. Transglutamin-
ase has not been studied in fetal epidermis. 
Gamma glutamyl transpeptidase (GGT, transpeptidase) is a 
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membrane-bound enzyme which is believed to function in glu-
tathione metabolism and in absorption or secretion of amino 
acids or peptides through cell membranes. It is characteristi-
cally associated with the membranes of certain specialized 
epithelial cells, such as the brush border of the proximal kidney 
tubule [8], ciliary body of the eye [9], and intestinal epithelium 
[10]. Albert, Rzucidlo, and St31'zyk [11,12] and Fleming, Gros-
curth, and Kistler [13] have reported histochemical evidence of 
transpeptidase activity in developing fetal rat hair follicles, and 
absence of such activity in human fetal skin. These studies have 
not been confirmed, however, nor have changes in this enzyme 
occurring with progressive differentiation of the epidermis and 
its appendages been evaluated. Recently, interest in transpep-
tidase has been heightened by the discovery that this enzyme 
is elevated in cells undergoing dedifferentiation or malignant 
transformation [14-16]. The possibility that transpeptidase is a 
marker both for the fetal state and for dedifferentiation in 
epidermis must be considered. 
Since transglutaminase and transpeptidase may be biochem-
ical markers for different stages of epidermal differentiation, we 
studied quantitative and qualitative changes in both enzymes 
in rat epidermis and hair follicles from day 15 of gestation to 
postnatal day 5. Biochemical and histochemical findings were 
correlated with ultrastructural changes in morphology of the 
cells during the period of study. 
MATERIALS AND METHODS 
Preparation of Epidermis 
Pregnant white Sprague-Dawley rats were obtained from Simonson 
Laboratories, Gilroy, CA. Calculating from the day of conception as day 
0, they were sacrificed sequentially from day 15 through day 21 of 
gestation, and the fetuses removed. Exact age of the fetal skin was 
established retrospectively by electron microscopic examination (see 
below) . Newborn rats 'were sacrificed from day of birth through post-
natal day 5. 
After removal of specimens for histochemical studies, fetal skin from 
all but day 15 animals was dissected free of underlying tissue, and the 
epidermis was removed by incubation in cold .24 M NR,CI, pH 9.5, 
rinsed and homogenized in 0.05 M Tris-1 mM dithiothreitol-l mM 
EDT A, pH 8.6. 
Enzyme Assays 
Transpeptidase was quantitated in suspensions of homogenized epi-
dermis by adding .1 ml of suspension to .9 ml of a transpeptidase 
substrate solution prepared so as to contain a final concentration of 5 
mM y-glutamyl-p-nitroanilide (Sigma Chemical Co., St. Louis, MO) and 
10 mM MgCh in 0.1 M Tris buffer, pH 9.0 [17]. Incubation was carried 
out for 1 hI' at 25°C with constant stirring. The reaction was stopped 
with 2 ml of 10% acetic acid and the liberated p-nitroaniline was 
measw'ed in a Zeiss ultraviolet spectrophotometer against a p-nitroan-
iline standard cw'Ve; enzyme activity was expressed as nM p-nitroaniline 
released/ hr/ ml/mg soluble protein quantitated by the method of Lowry 
et al [18]. 
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To establish the membrane-bound chamcter of transpeptidase, epi-
dermal suspensions were centrifuged at 100,000 xg for 1 hr, and the 
supernatant removed. The pellet was washed once with TBS, extracted 
overnight with 1% sodium deoxycholate, and recentrifuged at 100,000 
xg. The original buffer suspension, and the buffer and deoxycholate 
supernatants were compared with respect to transpeptidase activity. 
Transglutaminase was assayed as previously described [19] in super-
natants recovered after centrifugation of epidermal homogenates for 1 
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hI' at 100,000 xg. Results were expressed as amine-incorporating uni ts 
(AIU)/ml!mg soluble protein. 
HistochemistlY 
The histochemical stain for transpeptidase was performed essentially 
according to Rutenberg et al [20]. Two basic stock solutions were 
prepared. The first contained 5 mg of y-glutamyl-4-methoxynaph-
thylamide (GMNA) (Vega-Fox Chemicals, Tucson, AZ), .1 ml dimeth-
ylsulfoxide, .1 M NaOH and 1.S ml distilled water; and the second 
contained 20 mg glycylglycine (Sigma) in 10 ml.l M Tris, pH 7.4 and 2S 
ml of .S5% NaCI. Solutions 1 and 2 were combined, 20 mg Fast Blue 
BBN (Sigma) was added and the resulting medium immediately filtered 
and used. Final concentrations of GMNA substrate was 1 mM. 
For staining, 5 u frozen sections were air dried, fixed in ice-cold 
acetone for 30 min, air dried again and placed in staining solution for 1 
hI' at 37°C. The stained slides were rinsed serially in .S5% NaCI, .1 M 
CuSO", .85% NaCI and distilled water. Finally, they were mounted with 
glycerol and viewed in a Zeiss photo microscope. 
Transglu taminase was identified in fresh frozen tissue sections with 
dansyl cadaverine as previously described [2]. 
Electron Microscopy 
Tissues obtained from fetal and newborn animals immediately after 
sacrifice were minced into small pieces and fixed in 0.1 M cacodylate-
buffered Karnovsky's flXative [21]. ALI samples then were washed in 
buffer, postfixed for an additional hour in 1% OsO, in distilled water, 
washed with distilled water, dehydrated in a graded series of alcohols 
into propylene oxide and embedded in Epon S12 according to conven-
tional procedures [22]. After polymerization, thick (1 mm) and thin 
(700 A) sections were cut; the latter were stained with saturated uranyl 
acetate and lead citrate [23] and viewed in a Philips 201 transmission 
electron microscope. 
RESULTS 
Enzyme Assays 
Transglutaminase activity was barely detectable in 16-day 
epidermal supernatants but rose suddenly between days 17 and 
IS, stabilizing at levels of 1 to 1.5 AID /mg/~ (Fig 1). This level 
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FIG 1. Changes in transglutaminase activity with time during late 
fetal and neonatal life, demonstrating an initial rise from day 16-lS, a 
plateau of activity from day IS-day 21, and a lowered plateau from day 
21-postnatal day 3, following establishment of the stratum corneum. 
Rise on day 4-5 probably is due to cumulative follicular activity. 
Enzyme activity expressed as amine-incorporating units/m1/mg soluble 
protein. A single closed circle represents average of duplicate deter-
minat ions of enzyme activity on combined epidermis from several 
animals [2-3]. 
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Distribution of y-glutamyl transpeptidase in epidermal homogenates 
Preparation 
Buffer suspension of homogenate 
Supernatant after 100,000 xg centrifugation of buffer 
homogenate 
Deoxycholate suspension of pellet 
Supernatant after 100,000 xg centrifugation of deoxy-
cholate suspension 
100.0 
3.7 ± .07 
96.3 ± .06 
81 ± 3 
" Each statistic is based on an average of S determinations 
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FIG 2. Pattern of change in activity of y-glu tamyl transpeptidase 
with time in late feta l and neonatal rat epidermis. An initial drop 
occurs, followed by a plateau which is sutained until birth. Subsequent 
to another sharp decrease in enzyme activity, a geometric rise reflecting 
increasing fo lliculal' activity is apparent. Enzyme activity expressed as 
nM p-nitroaniline released/ml!mg soluble protein/hI' at 25°C. 
remained fairly constant until approximately day 3 postnatally 
when a second sharp rise in enzyme activity became apparent. 
Transpeptidase was virtually all membrane bound (Table) 
and sedimented with the insoluble fraction during high speed 
centrifugation. Approximately SO% of the enzyme could be 
solubilized with 1% deoxycholate and assayed in soluble ' form. 
Treatment with deoxycholate did not affect enzyme activity . 
Transpeptidase was present at constant low but measmable 
levels from day 16 through day 21 of gestation (Fig 2) but 
dropped precipitously on the day of birth. A subsequent geo-
metric rise in activity from birth to 5 days of life was observed. 
Histochemistry 
Transglutaminase was not visible histochemically on days 
15-17 (Fig 3a), but by day IS a faint fluorescence at the junction 
of the epidermal and periderm layers appeared and by day 19, 
marked fluorescence was present both in newly developed 
granular cells of the epidermis and in cells containing compound 
granules where bright dots of fluorescence studded the cell 
surface, as seen in Fig 3b. 
Following the formation of a true stratum corneum (day 20), 
transglutaminase activity was found only in the epidermal 
granular layer. The flrst positive reaction in hail' follicles was 
seen on day 21, with gradual development of fluorescence in 
additional maturing follicles through postnatal day 5 (Fig 4). 
Incubation of sections in substrate medium lacking calcium 
were completely negative. 
On day 15 and 16 of gestation, a positive reaction for trans-
peptidase was apparent in lower and intermediate layers of fetal 
epidermis but seemed to spare the periderm (Fig 5a). By day 
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FIG 3. Transglutaminase activity in fetal rat epidermis during period 
of keratinization: dansyl cadaverine stain. a , Day 17-no activity (x 
450). b, Day 19-marked positivity in developing granu lar layers (x 
400) . 
18, no epidermal activity was histochemically detectable; early 
hair follicles budding from the epidermis were likewise negative 
(Fig 5b). 
After birth, transpeptidase was found histochemically occa-
sionally in basal cells (Fig 5c). As hair follicles progressively 
differentiated from birth to postnatal day 5, enzyme activity 
became evident in matrix and inner root sheath cells (Fig 6), 
localizing to areas of the early keratinizing zone. Sections in-
cubated without the specific GMNA substrate were only faintly 
pink even after 2 h.r of incubation, while sections tncubated in 
medium to which 25 mM glutathione had .been added as com-
petitive inhibitor were completely negative. 
Ultrastructure 
The fetal epidermis at 15 and 16 days gestational age con-
tained 3-4 cell layers of morphologically similar cells and was 
blanketed with a single layer of periderm cells (Fig 7). Areas of 
crowded basal cells were identified as incipient hair germs. By 
18 days, the epidermis increased to 7-8 cell layers in thickness 
including the periderm (Fig 8). The cell layer beneath the 
periderm contained numerous characteristic compound gran-
ules and immediately subjacent to this layer was a single layer 
of typical stratum granulosum cells containing small keratohy-
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alin granules. By day 19, new morphological features which 
indicated a more advanced state of epidermal differentiation 
were observed; these included 2-3 layers of granular cells and 
superficial to these, a layer of electron-dense cells which had 
the thickened marginal band characteristic of the cornified cell 
envelope (Fig 9) . These latter cells were similar to Brody's "T" 
(transitional) cells by having dense intracellular material and 
few cytoplasmic remnants. The periderm and the compound 
granule-containing layer were still maintained; the latter had 
become modified so that it was morphologically similar to the 
fu·st cornifif,d cells, save for the presence of the distinctive 
compound granules (Fig 9b). The epidermis at day 21 included; 
(1) a singil layer of basal cells, (2) 3-4 spinous cell layers, (3) 4-
5 granular cell layers and (4) a true stratum corneum. Remnants 
of attenLated periderm and compound granule-containing cells 
still clung to the epidermal sW"face. 
Hair follicles had developed to the hair peg stage by day 18-
19 but showed no evidence of keratinization (Fig 10), however, 
by days 20 and 21 follicles had begun to differentiate. Trichoh-
yalin granules were observed in inner root sheath cells on day 
20. By day 21 most of the inner root sheath cells had become 
densely fllamentous and contained only nuclear remnants (Fig 
lla and b); cells of the outer root sheath were filled with 
glycogen. OW" observations of the timing of epidermal differ-
entiation thus confu·m data of Bauer [24]. 
DISCUSSION 
The pattern of histochemical localization of trans glutaminase 
and transpeptidase in developing rat epidermis can be corre-
lated with both biochemical levels of these enzymes and the 
morphological state of epidermal differentiation as determined 
by transmission electron microscopy (TEM) . Appearance of 
transglutaminase activity in epidermis biochemically on day 16 
a nd histochemically on day 18 indicates that levels of enzyme 
activity less then 1.0 AIU/ml are not detectable histochemi-
cally. Timing of transglutaminase appearance coincides well 
with the formation of KHG and compound granules in upper-
most epidermal cells. Both granulal· and compound granule-
containing layers are fluorescent when stained for transgluta-
minase. Restriction of fluorescence to the granular layer proper 
occurs on day 20 at which time the fust cornified cell layer was 
observed and the compound granule-containing layer showed 
similar morphological alterations in the cell envelope and cy-
FIG 4. Transglutaminase in newly-formed rat epidermal hair folli-
cles-postnatal day 5 (x 400). 
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FIG 5. Transpeptidase activity in rat epidermis before and after 
onset of epidermal keratinization. a, Day 17 of gestation. Positivity is 
seen in almost all layers of epidermis except periderm (x 450). b, Day 
21-just prior to birth-both epidermis and budding hair follicles are 
devoid of histochemical activity (x 400). 
toplasm. Ultrastructural cytochemistry will be necessary to 
identify precisely the subcellular localization of this enzyme. 
Transglutaminase appears in follicles concomitant with the 
development of trichohYalin in the inner root sheath cells on 
fetal day 20. The role of transglutaminase in this location is to 
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FIG 6. Transpeptidase in day 5 postnatal anagen rat hair foUicle. 
Note intense activity above dermal papilla and in lower keratinizing 
region above matrix (x 600). 
FIG 7. Transmission electron microscopy of fetal rat epidermis at 16 
days of age. a, A single layer of periderm covers the epidermis (x 5950). 
b, The epidermis consists of 3 morphologically similar layers and a 
periderm (x 4000). 
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mediate y-glutamyl crosslin king of citrulline-rich proteins as-
sociated with the trichohyalin granules [25]; the function of the 
epidermal enzyme, whicr. is an isozyme of the follicular one 
[26], is still under study. 
Transpeptidase presents quite a different, almost opposite 
pattern from transglutaminase in developing epidermis. This 
enzyme is rather broadly distributed in cells of fetal epidermis 
prior to the onset of keratinization (day 15-17) but becomes 
restricted to basal and immediate suprabasal cells subsequent 
to differentiation of the stratum granulosum and stratum cor-
neum. 
Transpeptidase is not evident in early hair buds proliferating 
rapidly from the epidermis, but rises in cells undergoing active 
early differentiation into the various layers of the hair cortex 
and sheaths. Therefore, levels of this enzyme do not appear to 
correlate directly with mitotic rate. Histochemical localization 
of enzyme activity to the matrix and lower differentiating 
regions of the follicle suggests maximal activity in areas of rapid 
protein synthesis. The membrane-bound character of epidermal 
GGT is similar to that reported for GGT in other tissues, and 
suggests a role in transmembrane transfer. 
Transpeptidase is certainly not involved in secretion of pep-
tides from the epidermis or hair follicle, as has been proposed 
for its kidney or pancreatic counterpart, but is more likely 
involved in accumulation of peptides and amino acids within 
FIG 8. Transmission electron microscopy of fetal rat epidermis at 18 
days of age. a, A single layer of periderm (P) is still present. Immediately 
subjacent to this is a cell layer containing compound granules (CG). 
Typical keratohyalin granules (KHG) are apparent in layer just below 
this (x 10,750). b, The epidermis has 5-6 layers. Small keratohyalin 
granules (KHG) are present in the uppermost epidermal layer (x 2700). 
DIFFERENTIATION MARKERS IN FETAL EPIDERMIS 175 
FIG 9. Transmission electron microscopy (TEM) of fetal rat epider-
mis at 19 days of age. The epidermis is 6-8 cell layers in thickness and 
keratohyalin granules (KHG) are seen prominently in the upper 3 
layers. A single cornified squamous layer (S) has differentiated between 
t he periderm (P) layer and the outermost granular layer (x 3000). b, 
High-power TEM view of early cornified squamous cells from a 19-day 
fetal rat, forming just below the periderm (P) . The layer containing 
compound granules has become modified and is morphologically similar 
to the first keratinized quamous layer (S). Large composite keratohyalin 
granules (KHG) are evident in granular layer cells (x 19,000) . Insert: A 
thickened marginal band is seen in both the compound granule layer 
and the squamous cells (!). Lamellar material is present in the inter-
cellular space between these 2 layers (x 32,000). 
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FlO 10. Transmission electron microscopy of a portion of a hair peg 
from a ·19-day-old fetal rat. At this stage there is no evidence of 
keratinization in the follicles (x 2350). 
FIG 11, a: Transmission electron microscopy (TEM) of a section cut 
perpendicular to the length of a hair peg and at the level of the dermal 
papilla (DP) in a 20-day-old fetus. Trichohyalin granules (THG) are 
evident in cells of the inner root sheath (x 2700). b, TEM of root sheath 
cells in a hair follicle from a 21-day-old fetu s. Trichohyalin granules 
(THG) are evident in a few cells of the inner root sheath (IRS) , but the 
majority of the cells have become transformed; they are depleted of 
organelles other than a pyknotic nucleus and are densely packed with 
filaments. Outer root sheath cells (DRS) contain glycogen and are not 
modified (x 3800). 
the celis, and possibly in the maintenance of an adequate supply 
of glutathione for developing hair follicles. 
Since transpeptidase marks the early partially differentiated 
state in epidermis and hair follicles, this enzyme might be 
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expected to be elevated in partially differentiated epidermal 
tumors such as squamous cell carcinoma or keratoacanthoma; 
preliminary studies in our laboratories have confIrmed this 
(Kocarnik M and Buxman M: unpublished observations). Se-
rially transplanted epidermoid carcinomas of the lung have 
been reported [13] to contain transpeptidase in elevated 
amoun ts, inversely proportional to the degree of tumor differ-
en tiation [13]. Lymphocytes undergoing blast transformation 
increase their transpeptidase content [14J. 
By contrast, transglutaminase might be expected to be re-
duced or absent from incompletely keratinized tissues lacking 
a granular layer. Analysis of transglutaminase in malignant or 
virally transformed fibroblasts or lung cells [26] shows a severe 
reduction of activity in these cells. The same has been recently 
demonstrated for basal cell epithelioma, when compared to 
normal epidermis [2J. 
We have here reported biochemical, histochemical and ultra-
structural data which confirm epidermal transglutaminase as a 
marker for terminal epidermal differentiation and establish 
GGT as a marker for early differentiation in epidermis and hair 
follicles. 
Additional studies are in progress to study the usefulness of 
these a nd other enzyme markers in staging and biochemicallY 
characterizing abnormally keratinizing epidermal cell lines and 
epidermal malignancies. 
The authors gratefully acknowledge the expert technical assistance 
of Ms. Joyce Beeman, Ms. Patricia Panton and Ms. Mary Hoff, and the 
advice and encouragement of Dr. George Odland and Dr. Kirk Wuep-
per. 
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Skin Microbiology: Relevance to Clinical Infection 
An international symposium entitled "Skin Microbiology: Relevance to Clinical Infection" will be held 
in San Francisco August 29-31, 1979. The symposium will cover clinic infection in the fields of Derma-
tology, Surgery, Infectious Diseases, Pediatrics, etc., and will be open to interested parties in all fields of 
medicine, nursing, and public health. Speakers will be experts from the United States and Western 
Europe. 
The course is sponsored by Extended Programs in Medical Education and presented by the Department 
of Dermatology of the University of California School of Medicine, San Francisco, California. For more 
information write or call Extended Programs in Medical Education, University of California, Room 569 
U, San Francisco, California 94143 (415) 666-4251. 
